Natural isolates of Bacillus subtilis exhibit a robust multicellular behavior known as swarming. A form of motility, swarming is characterized by a rapid, coordinated progression of a bacterial population across a surface. As a collective bacterial process, swarming is often associated with biofilm formation and has been linked to virulence factor expression in pathogenic bacteria. While the swarming phenotype has been well documented for Bacillus species, an understanding of the molecular mechanisms responsible remains largely isolated to gram-negative bacteria. To better understand how swarming is controlled in members of the genus Bacillus, we investigated the effect of a series of gene deletions on swarm motility. Our analysis revealed that a strain deficient for the production of surfactin and extracellular proteolytic activity did not swarm or form biofilm. While it is known that surfactin, a lipoprotein surfactant, functions in swarming motility by reducing surface tension, this is the first report demonstrating that general extracellular protease activity also has an important function. These results not only help to define the factors involved in eliciting swarm migration but support the idea that swarming and biofilm formation may have overlapping control mechanisms.
It has long been recognized that bacteria can facilitate their growth and survival by forming cooperative, multicellular communities that are most often associated with surfaces (38) . Such organized populations of microorganisms have been found in both clinical and environmental settings, where they have positive and negative impacts on human health and environmental ecology (4, 24) . For these reasons, bacterial multicellularity is being actively studied, and while biofilms are most commonly ascribed to this type of behavior, swarming is another primary example of a surface-associated collective bacterial process. A form of migration, swarming facilitates the rapid colonization of surfaces by a population of bacteria. Swarming motility has been linked with biofilm formation, antibiotic resistance, and virulence factor production (1, 21, 39) . Many of the virulence factors reported to be associated with the occurrence of swarming are exoenzymes and, more specifically, extracellular proteases (12, 47) . While a strong link between swarming, extracellular protease production, and pathogenesis has been noted (12, 44, 47) , only a few studies have focused on the requirement of proteases for swarm motility. In a recent investigation, the extracellular protease Epr was found to be essential for swarming motility in the domesticated Bacillus subtilis laboratory strain 168 (6) . Since laboratory strains of B. subtilis have been shown to exhibit less-robust biofilm formation and swarm motility (3, 20) , we were interested in investigating whether Epr and other extracellular proteases were involved in swarming in an undomesticated B. subtilis strain.
First described more than a century ago for the gram-negative organism Proteus, swarming motility has now been demonstrated for many different genera of bacteria (9, 10, 39) .
Several factors appear to be important in eliciting a swarming phenotype: cell density, nutrient content, and viscosity of the of the medium are among the most well defined (10, 14, 28) . In response to these factors, cells become hyperflagellated and elongated and establish groups, or "rafts," of cells through cell-to-cell contacts, finally migrating as microcolonies (16) . The swarming phenotype has been well documented for certain Bacillus species; however, the underlying mechanism responsible is just beginning to be studied (11, 16, 20, 37) . For B. subtilis, the differentiated swarmer cell is highly adapted for surface colonization, featuring a considerable increase in flagellar biosynthesis and the secretion of a slime layer, both of which aid in translocation. In this work we established that a third component, extracellular protease activity, is important for swarm motility in an undomesticated isolate of B. subtilis. Greater than 95% of the extracellular proteolytic activity in B. subtilis is contributed by the two major extracellular proteases, subtilisin (AprE) and neutral metalloprotease E (NprE) (33) . Five minor extracellular or cell-wall-associated proteases, Epr, Vpr, Bpr, Mpr, and WprA, are responsible for most of the remaining activity (42) . A strain compromised for the production of all of the above proteases was unable to swarm. Additionally, we observed that extracellular protease activity was critical for biofilm formation. The null phenotypes exhibited by a protease-deficient strain, under both swarming and biofilmforming conditions, present the possibility that the mechanisms involved in regulating swarming and biofilm formation may overlap.
MATERIALS AND METHODS
Strains, growth conditions, and plasmids. The strains and plasmids used in this study are described in Table 1 . All B. subtilis strains, except 168, were derived from the wild-type strain A164 (ATCC 6051a). Escherichia coli strains were used for cloning and plasmid propagation.
Both the B. subtilis and E. coli strains were propagated in Luria-Burtani (LB) medium or on LB plates containing 1.5% agar at 37°C. LB medium for E. coli was supplemented with ampicillin (100 g/ml) when necessary. B. subtilis was made competent by the method of Anagnostopoulos and Spizizen (2) . When a plasmid containing the erythromycin resistance gene (ermC) was used for transformation in B. subtilis, erythromycin resistance was induced by adding 0.2 g of erythromycin per ml to the liquid culture and incubating for 30 min at 37°C prior to plating. Tryptose blood agar base (TBAB) (Difco, Detriot, Mich.) plates supplemented with erythromycin (1 g/ml) and lincomycin (25 g/ml) were used for B. subtilis transformations. Unless stated otherwise, swimming and swarming motilities were analyzed on LB plates solidified with 0.3 and 0.7% agar (Difco), respectively. When indicated, swarm motility was tested on Spizizen's minimal medium (15) solidified with 0.7% agar (Difco).
The E. coli/B. subtilis shuttle vector pNNB194 (41) was used as the backbone for all gene deletion and replacement constructs (Table 2) . This plasmid has an E. coli origin of replication, a temperature-sensitive B. subtilis origin of replication, an ampicillin resistance gene (bla) for selection in E. coli, and an erythromycin resistance gene (ermC) for selection in B. subtilis. Each gene deletion construct contained approximately 800 bp of DNA homologous to the region flanking the deletion. This was achieved by first PCR amplifying 400 bp at the 5Ј and 3Ј ends of each gene to be deleted. The primers used for each PCR are described in Table 3 . The first two primers listed for each plasmid and the last two were used in separate PCRs with A164 genomic DNA as the template. The two PCR fragments obtained were then joined using splicing by overlapping extension (17) with the first and last primers listed for each plasmid (Table 3) and subsequently cloned into pCR2.1-TOPO (Invitrogen). Finally, the fragment containing the mutant allele was subcloned into the multiple cloning site of pNNB194 to create the deletion plasmid. To generate the srfAC replacement plasmid, the srfAC gene was cloned by PCR with the 5Ј and 3Ј primers used for the srfAC deletion vector. This created an intact copy of the srfAC gene, which contained homology to the region flanking the deletion site. The srfAC gene was then subcloned into pNNB194 as described above.
Strain construction. Beginning with strain A164, ATCC 6051a, multiple gene deletions were made in a sequential manner. For the strains listed in Table 1 , each deletion mutation was introduced into the chromosome by allelic exchange. The corresponding deletion plasmid was used to transform B. subtilis competent cells by selecting for erythromycin resistance on TBAB plates at the permissive temperature of 34°C. A single transformant was then streaked to TBAB supplemented with erythromycin and incubated at the nonpermissive temperature of 45°C in order to select for plasmid integration into the chromosome. To promote homologous recombination and plasmid loss from the locus targeted for deletion, LB medium was inoculated with several colonies from the TBAB plate, which were grown without selection at 34°C. The cultures were streaked to LB plates, and single colonies were patched to LB and TBAB plates containing erythromycin. Colonies that were erythromycin sensitive were screened by PCR (Extract-N-Amp Plant PCR kit; Sigma-Aldrich) to find strains in which plasmid excision had occurred with retention of the mutant allele. Gene replacement of srfAC was obtained in essentially the same manner as described above. The loss and restoration of surfactin activity were confirmed by halo formation on wholeblood agar plates (trypticase soy agar with 5% sheep blood; BD, Sparks, Md.) (41) .
Motility assays. To analyze swimming and swarming motility, cells were collected with a sterile toothpick from an overnight culture plate and used to inoculate 0.3% agar to observe swimming and 0.7% agar to observe swarming. The plates were incubated at 37°C and evaluated over time.
Protease assays. B. subtilis cultures were grown in MRS medium (Difco) for 24 h at 37°C, and supernatants were collected following centrifugation at 10,000 ϫ g for 10 min. Protease activity was measured by using fluorescein isothiocyanate-casein as the substrate (Sigma Chemical Co., St. Louis, Mo.). Forty microliters of fluorescein isothiocyanate-casein substrate (stock solution: 1:1 with 0.1 M Tris-10 mM CaCl 2 [pH 8.0]) was mixed with 10 l of culture sample (diluted appropriately in 0.1 M Tris-10 mM CaCl 2 [pH 8]) and incubated for 1 h at 45°C. The reaction was quenched with 150 l of 5% trichloroacetic acid and incubated at 4°C for 1 h. After centrifugation for 10 min, a 10-l aliquot of the supernatant was mixed with 1 ml of 0.5 M borate (pH 9.0). A 200-l aliquot of the solution was transferred to a black "U" bottom 96-well plate (ThermoLabsystems, Franklin, Mass.). Fluorescence was measured with a Fluorolite 1000 instrument (ThermoLabsystems, Franklin, Mass.), using reference channel 3 and a setting of 1176. Activity was measured in fluorescent units and expressed in units per milliliter relative to the protease standard, Subtilisin Carlsberg (Sigma).
Swarm motility assays in the presence of protease. Proteinase K (654 U/mg), a serine protease isolated from the fungus Tritirachium album, and subtilisin Carlsberg (32.0 U/mg) from B. subtilis were obtained from Sigma-Aldrich and resuspended in 50 mM Tris (pH 7.5) at 10 mg/ml. Dispase I (6 U/mg), a neutral 
(ϩϩ), delayed by greater than or equal to 48 h (ϩ), delayed by at least 72 h (ϩ/Ϫ), or nonswarming (Ϫ).
b The average time (from more than three independent observations) required for each strain to initiate swarming motility is noted in hours.
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protease obtained from Roche Applied Science (Mannheim, Germany), was resuspended in 50 mM Tris (pH 7.5) at 5 mg/ml. Each protease was diluted in a final volume of 50 l and then spread on the surface of a 0.7% agar plate. Plates were allowed to dry for 20 min prior to strain inoculation. The effect of various levels of protease activity on swarming was evaluated: proteinase K, 6.5, 0.65, 0.065, and 0.0065 U; subtilisin, 3.2, 0.32, 0.032, and 0.0032 U; and dispase I, 6.0, 0.6, 0.06, and 0.006 U. Preparation of conditioned medium. A B. subtilis A164 or A164⌬10 overnight culture was diluted 1:100 in LB and grown at 37°C to the end of log phase. The cultures were collected and centrifuged at 4,000 ϫ g to pellet the cells. The supernatant was removed and passed through a 0.22-m-pore-size filter. To make 0.7% agar plates, filtered conditioned medium was mixed 1:1 with fresh LB containing 1.4% agar. Heat inactivation of the conditioned medium was performed by autoclaving for 15 min. To test the effect of protease inhibitors on swarming motility, a 14-mg/ml fresh stock of phenylmethylsulfonyl fluoride (PMSF) suspended in isopropanol was used. The conditioned medium was incubated with 140 or 280 g of PMSF/ml for 20 min prior to preparing the 0.7% agar plates.
Flagellar analysis. In order to observe flagella produced under conditions that support swarming, cells were collected from the surfaces of 0.7% agar plates three hours after inoculation. These cells were sampled from the edge of a swarming colony or from the colony edge of a nonswarming colony as indicated. Swimming cells were obtained from cultures grown in liquid LB medium to an optical density at 600 nm of 0.5. Flagella were stained as described by Kearns and Losick (20) and examined by phase-contrast microscopy with an Axioplan Universal microscope (Carl Zeiss, Ltd., Oberkochen, Germany). Biofilm formation. The ability of each strain to form a pellicle on the surface of a standing culture was tested. The strains were inoculated onto minimal medium and grown according to the method described by Branda et al. (3) . The minimal medium contains the following: 5 mM potassium phosphate (pH 7), 100 mM morpholinepropanesulfonic acid (pH 7), 2 mM MgCl 2 , 700 M CaCl 2 , 50 M MnCl 2 , 50 M FeCl 3 , 2 M thiamine, 0.5% glycerol, 0.5% glutamate.
RESULTS
Genetic analysis of factors required for swarm motility in the wild-type strain, A164. B. subtilis strain A164 exhibits robust swarm motility on 0.7% agar (Fig. 1) . When inoculated to the center of a 100-mm petri dish, A164 begins to swarm after a lag period of 2 to 4 h. Progressive expansion of the colony continues over time, resulting in complete colonization of the surface of the plate within 8 h (Fig. 1A) . A set of A164 strains containing 10 sequential deletions (A164⌬1 to A164⌬10) (Table 1) was originally constructed as hosts for enzyme production; therefore, the first deletion rendered them sporulation negative, and the rest of the deletions removed unwanted extracellular activities. Although not created for the purpose of studying swarming, these strains were of interest due to published results that surfactin (a product of the srfA operon) and Epr have an established role in swarm migration (6, 25) . The strains were screened for their ability to swarm, and the results were as follows: swarming was unaffected in strains A164⌬1 through A164⌬4 (Table 1) . A 24-h delay in swarm migration was observed in strains A164⌬5 through A164⌬9 (Table 1 and Fig. 1B) . Strain A164⌬10 exhibited a nonswarming phenotype (Table 1 and Fig. 1B) .
The results of the phenotypic analysis described above were similar to those published by Dixit et al., who found Epr to be essential for swarming in the domesticated B. subtilis laboratory strain, 168 (6) . However, when an epr deletion alone was introduced into A164 (MBin1), swarm motility was unaffected (Table 1 ). Since surfactin is important for swarm motility and B. subtilis 168 is defective in surfactin production (32), we wanted to determine the effect of mutations in both srfAC and epr on the swarming phenotype of A164. A deletion was made in the srfAC gene of strain MBin1, creating MBin2 (Table 1) . Swarm motility by MBin2 was delayed but not eliminated, suggesting that one or more of the other mutations in strain A164⌬10 plays a role in swarming.
Genetic epistasis analysis was used to determine which genes are essential for swarming. This analysis showed that when an epr mutation was introduced into A164⌬5 (A164⌬5E), no additive effect on swarming was observed compared to results for A164⌬5. In contrast, deletion of epr from A164⌬8 (A164⌬8E) resulted in a nonswarming phenotype (Table 1 ). This analysis indicated that surfactin and some combination of minor extracellular proteases, which are the products of the genes deleted from strains A164⌬5 through A164⌬10, played a major role in swarm motility. To confirm this hypothesis, the genes encoding surfactin and each of the minor extracellular proteases were sequentially deleted from A164. The subsequent strains were tested for their ability to swarm (MBin2 through MBin6; Table  1 ). The results of this screen revealed that MBin6, which is deficient in surfactin and minor (but not major) extracellular protease activity, shows significantly more delay in swarm initiation than A164⌬5 (48 versus 24 h; Table 1 ). However, swarming motility was not completely abolished for MBin6, as was observed for A164⌬10. Since A164⌬10 contains deletions in the genes encoding both the major and minor extracellular proteases, the major extracellular protease genes were deleted from MBin6 (MBin8; Table 1 ). Protease activities for strains A164, A164⌬5, MBin8, and A164⌬10 were analyzed and found to be 8.36, 0.024, 0.008, and 0.011 U/ml, respectively. The protease activities for strains MBin2 through MBin6 (data not shown) were similar to that for A164. A decrease in protease activity, due to the removal of any one of the minor proteases from each of these strains, could not be assayed accurately, since the removal of one protease often results in an increase in the remaining protease activity (43) . Swarming was analyzed for MBin8 to determine if a strain with levels of protease FIG. 1. Secreted proteases are required for swarming motility by B. subtilis A164. Swarm motility of B. subtilis A164 (A) and A164 mutants A164⌬5, MBin7, A164⌬8, and A164⌬10 (clockwise from left) (B) is shown. The absence of surfactin production in A164⌬5 and A164⌬8 results in a less-robust swarming phenotype, and a nonswarming phenotype is exhibited by A164⌬10, which is deficient in both surfactin and protease activity. Although MBin7 appears to have a nonswarming phenotype, swarming is initiated after 48 h for this strain and is not completely inhibited until deletions are made in the remaining extracellular protease, aprE, and sigF (MBin10 strain, data not shown). All strains were inoculated with a toothpick onto a 0.7% agar LB swarm plate and incubated for 20 h at 37°C. activity similar to that of A164⌬10 would have a null phenotype. Strain MBin8 exhibited a severe delay in swarm initiation (Ͼ72 h [ Table 1 ]); however, a complete nonswarming phenotype was achieved only upon the additional deletion of sigF (MBin10 ; Table 1 ), which encodes the forespore-specific sigma factor, SigF. The deletion in sigF, as well as amyE (MBin9; Table 1), was employed in an effort to determine which deletions in A164⌬10 were responsible for the null swarming phenotype. These results demonstrate that extracellular proteases and surfactin have a major role in swarming motility in A164 and that SigF may exert a minor influence in regulating this multicellular activity. Extracellular proteolytic activity is important for swarming. The swarming phenotypes exhibited by the various mutant strains described above led to the hypothesis that total extracellular proteolytic activity, but not specifically activity from Epr, is important for swarm behavior. To test this idea, exogenous protease was applied to the surface of swarm medium, and surface translocation by the protease-deficient strain, A164⌬10, was determined. For this analysis, we tested three proteases originating from different sources: proteinase K, subtilisin, and dispase I (Fig. 2 and data not shown) . In each case, preapplication of exogenously derived protease to the medium rescued swarming for A164⌬10. Interestingly, under these conditions, the resulting phenotype was indistinguishable from that of the wild-type strain, A164 (Fig. 2) . This not only demonstrates that nonspecific proteolytic activity contributes to the multicellular process of swarming but also reveals that exogenous protease can overcome the defect in swarm initiation created by a lack of surfactin production.
As an alternative test of the hypothesis that secreted proteases play an important role in swarming motility, we tested whether conditioned medium obtained from cultures of selected bacterial strains could suppress the swarming-defective phenotype of A164⌬10. Conditioned medium was obtained from either A164 or A164⌬10 and used to prepare swarm plates. A164⌬10 was able to swarm on plates containing conditioned medium from A164 but not from A164⌬10. To determine if this observation was directly related to the protease activity, medium conditioned by A164 cells was either heat inactivated or incubated with the nonspecific protease inhibitor PMSF prior to use (Fig. 3 and data not shown) . Previous work has shown that AprE and most of the minor extracellular proteases are sensitive to PMSF (33) . Consistent with the hypothesis, A164⌬10 did not swarm well in the presence of PMSF-treated, A164-conditioned medium (Fig. 3) . In addition, heat-inactivated conditioned medium was not able to restore the ability of A164⌬10 to swarm (data not shown).
Minimal medium supports swarming motility. An obvious role for extracellular degradative enzymes, such as proteases, is the acquisition of nutrients from the surrounding environment. Potentially, proteolysis could be required to modify or degrade small peptides in LB medium that supply the energy necessary to initiate and sustain the process of swarm migration. To assess swarm motility in the absence of protein substrate, A164 was inoculated onto 0.7% agar Spizizen's minimal medium plates. Except for a decrease in the thickness of the swarming colony, motility was otherwise identical to that exhibited on 0.7% LB agar plates (data not shown). Furthermore, exogenous protease applied to the minimal medium plates rescued swarming for A164⌬10 (data not shown). These results imply that the role of extracellular proteases is not to fulfill a nutritional requirement necessary to drive swarm migration. Additionally, this observation suggests that the proteases are acting on either proteins secreted by the cell or proteins present on the bacterial cell itself. Protease-deficient strains exhibit swim motility and display hyperflagellation on swarm agar plates. Flagellar biosynthesis is necessary for swarm motility (39) . In addition, cells isolated from the edge of a swarming colony often exhibit a dramatic increase in the number of flagella produced compared to cells isolated from liquid culture (8, 11, 49) . To determine if flagellar formation was affected for A164⌬10, both swim motility assays and microscopic analysis were performed. Swim motility of A164⌬10 and other mutants, as assessed by cell movement through the water-filled channels of a 0.3% agar plate, was equivalent to that of A164 (Fig. 4) . To evaluate whether A164⌬10 exhibited any differences in the number of flagellar organelles, microscopic examination of cells obtained from mid-log-phase cultures grown either in LB broth or on 0.7% LB agar plates was performed. Flagellar formation under both conditions appeared to be unaffected for A164⌬10 and resembled that of A164 (Fig. 4) .
Surfactin can rescue swarming motility in a protease-deficient strain. Biosurfactants, such as surfactin produced by B. subtilis, aid in surface translocation by reducing surface tension. In several bacterial species, defects in swarm motility FIG. 4 . Protease activity is not required for swimming motility or hyperflagellation on swarm plates. (A) Swim motility assay at 6 h following inoculation. Swimming motility for all A164 mutants was equivalent to that of A164. The appearance of slightly increased motility for A164 is due to the small amount of swarming, which still occurs at this agar concentration and at a faster rate than swimming. Cells were stained for flagella from mid-log A164 cultures (B), A164 swarm plates (C), A164⌬10 mid-log cultures (D), and A164⌬10 swarm plates (E). The absence of surfactin and protease activity had no effect on flagellar formation in liquid medium or on swarm plates. All cells were collected from swarm plates 3 h after inoculation. Microscopic analysis was performed at a magnification of ϫ100.
have been observed in mutants lacking surfactant production (5, 9, 31) . Surfactin is a cyclic lipopeptide whose synthesis is catalyzed by the Srf complex (34) . Deletion of srfAC eliminates surfactin production and delays the initiation of swarming for B. subtilis A164. Since swarm initiation is completely blocked for A164⌬10, a strain deficient for the production of both surfactin and most secreted proteases, we wanted to assess how the introduction of wild-type levels of surfactin would affect the nonswarming phenotype. To do this, the ca. 800-bp deletion at the srfAC locus was replaced with an intact copy of the gene. Restoration of surfactin production was evaluated and confirmed by testing B. subtilis A164⌬10ϩsrfAC for hemolytic activity when grown on whole-blood agar (data not shown). When inoculated to 0.7% agar, A164⌬10ϩsrfAC initiated and exhibited swarm motility identical to that of A164 (data not shown), demonstrating that wild-type levels of surfactin, from the restored srfAC locus, can reestablish swarming motility in A164⌬10. In addition, this result revealed that surfactin, as well as secreted proteases, affects swarming by B. subtilis A164.
Secreted proteases function in biofilm formation. Our present evidence suggests that extracellular protease, in combination with surfactin, plays a role in swarming. This led us to consider whether secreted proteases might have a role in other types of multicellular behaviors. A few studies have found that certain factors which affect swarm motility also inhibit other multicellular behaviors, such as biofilm formation (18, 36, 39) . To determine if proteolytic activity is involved in the formation of a biofilm, protease-deficient strains were tested for the ability to form a biofilm or pellicle on the surface of a standing culture. While the wild-type strain A164 formed a thick pellicle with prominent surface structures, strains unable to produce surfactin due to a deletion in either the sfp or srfAC gene (A164sfp and MBin6, respectively) formed a thin, flat pellicle (Fig. 5) . Sfp is a phosphopantetheinyl transferase which primes the nonribosomal surfactin peptide synthetase (encoded by the srfA operon). Sfp and the srfAC operon are both required for the production of surfactin (34) . Besides surfactin, MBin6 is also deficient in minor extracellular proteolytic activity. While MBin6 maintained the ability to form a biofilm, A164⌬10 exhibited a null phenotype. In addition to surfactin and minor extracellular proteolytic activity, A164⌬10 is also deficient in major extracellular protease activity. Significantly, biofilm formation in A164⌬10 was rescued when exogenous protease (dispase I, subtilisin, or proteinase K) was added to the media at all concentrations tested (2 to 500 U) (data not shown). Additionally, strain A164⌬10ϩsrfAC was able to form a bio- FIG. 5 . Extracellular protease activity is required for biofilm formation. A164 deletion strains were analyzed for their ability to form biofilms. While mutants defective in flagellar formation (A164⌬hag), sporulation (A164⌬1), or surfactin production (A164⌬sfp and MBin6) retained the ability to produce biofilm, a mutant (A164⌬10) deficient in both surfactin and extracellular protease activity, as well as sporulation, did not form a biofilm. 
DISCUSSION
B. subtilis produces eight characterized extracellular or cell wall-associated proteases. Seven of these have been detected in the growth medium, while the remaining protease, a product of the nprB gene, is not secreted at detectable levels (26, 33, 45, 46) . The alkaline serine protease subtilisin (AprE), along with the neutral metalloprotease E (NprE), account for more than 95% of the extracellular proteolytic activity of B. subtilis and are commonly referred to as the major extracellular proteases. The remainder of the protease activity has been attributed to minor extracellular proteases, with the serine protease Epr being a principal contributor (42) . None of these proteases has been found to be essential either for growth or for sporulation of B. subtilis. However, transcription of each is tightly controlled, with the highest level of expression almost always demonstrated to occur at the end of log phase (19, 33) . In a study focused on determining how epr is regulated, Dixit et al. found that Epr function was necessary for swarming for the laboratory strain B. subtilis 168 (6). These results were consistent with the nonswarming phenotype we observed for the wild-type strain, A164, deficient in extracellular protease activity (A164⌬10). However, they conflicted with our observation that a deletion of epr alone in A164 had no effect on swarming. While it appeared that Epr did function in swarming, it was apparent that other extracellular factors are also important.
The published investigations of swarming in strain 168 reveal a phenotype that appears less vigorous than that exhibited by A164 (6, 30, 31) . While the wild-type strain, A164, is able to produce surfactin, the domesticated laboratory strain 168 has lost this ability due to a frameshift mutation in the sfp gene, which is essential for surfactin synthesis (32) . Based on the established importance of biosurfactants in swarm motility and the delayed initiation of swarming displayed by A164 strains that are deficient for surfactin production (Table 1 ; Fig. 1 ), it seemed plausible that abolishing the production of both surfactin and Epr in A164 would result in a nonswarming phenotype. A strain containing deletions in both epr and srfAC (MBin2) was tested and found to have maintained a somewhat reduced ability to swarm. This suggested that while Epr and surfactin production appeared to be important for swarming motility, additional proteins were involved. Genetic epistasis analysis was performed, and the results suggested that while sigF, nprE, aprE, and amyE had a small role, if any, some of the minor extracellular proteases, in addition to Epr, were important for swarming (Table 1) . However, only a strain containing deletions in all of the extracellular proteases, as well as srfAC and sigF, exhibited a completely nonswarming phenotype (Table 1; Fig. 1 ).
Taken together, the above results led us to hypothesize that total extracellular proteolytic activity contributes to the initiation of this multicellular behavior. To investigate this hypothesis, swarming motility of strain A164⌬10 (deficient in extracellular protease activity, surfactin, SigF, and AmyE) was analyzed in the presence of exogenous protease (Fig. 2) . Regardless of the source of the protease or whether a rich or minimal medium was used, A164⌬10 displayed a capacity for swarming that was identical to that observed for A164. Additionally, swarming of A164⌬10 was supported on plates made with medium preconditioned with strain A164 and was inhibited when the conditioned medium was treated with the protease inhibitor, PMSF (Fig. 3) . Finally, a strain containing deletions in all seven extracellular proteases, as well as srfAC and sigF, exhibited a nonswarming phenotype.
These observations support the hypothesis that the multicellular behavior of swarming motility is stimulated by the presence of extracellular protease. However, elucidating the nature of the role that proteolytic activity plays in swarming will require further study. Significantly, the ability of exogenous protease to rescue swarming on minimal medium excludes the obvious idea that proteolytic digestion of media components alone encourages swarm motility. A second theory is that proteins secreted by the cells require cleavage before they can function to promote swarming. This type of regulation is not foreign to Bacillus and other gram-positive bacteria. Several processes are controlled through cell-cell signaling mediated by peptides that are proteolytically processed into signaling molecules (7, 35) . However, the ability of wild-type levels of surfactin to complement a deficiency in proteolytic activity indicates that extracellular protease does not function by providing an essential signal for swarmer cell development or initiation of cellular migration. It is conceivable, however, that the proteases cleave cell surface proteins, leading to cell surface modifications that aid in bacterium-bacterium or bacterium-surface interactions which promote surface translocation. Microscopic inspection of the nonswarming protease-deficient strain, A164⌬10, revealed a random and rapid movement of isolated cells at the periphery of the colony when inoculated to the surface of a swarm plate, but no multicellular "rafts" were observed (data not shown). Further investigation will be needed to determine the significance of this observation.
It should be noted that the nonswarming phenotype was observed with a strain deficient for both protease and surfactin activity. Since surfactin can promote spreading motility of bacteria by enhancing surface fluidity, even in nonflagellated mutants (22, 27) , it is probable that the ability of surfactin to compensate for the loss of proteolytic activity during swarming is due to its surface tension-reducing properties. However, the mechanism by which exogenous protease restores swarming motility to wild-type levels in a surfactin-minus strain is unclear.
It has been suggested that bacterial colonization of surfaces through swarming motility plays a role in biofilm formation (23) . Recently, Branda et al. showed that wild-type isolates of B. subtilis form biofilms with complex architectures on the surfaces of standing liquid cultures. Additionally, the investigators observed structural defects in this architecture for mutants deficient in surfactin production (3). Since it appeared that surfactin was required for both efficient swarming and structured pellicle-type biofilms, we wanted to determine if a similar relationship existed for extracellular proteases. To ascertain whether or not extracellular proteases function in biofilm formation, we evaluated A164⌬10 under conditions that stimulate pellicle formation. Intriguingly, we found that in addition to the loss of swarm motility, A164⌬10 was incapable of forming any pellicle structure under the tested conditions (Fig. 5 ). Furthermore, when exogenous protease was added to the medium, A164⌬10 produced a pellicle (data not shown), which supports the idea that a correlation exists between swarming and biofilm formation.
